The importance of identifying VEGF-independent pathways in pathological angiogenesis is increasingly recognized as a result of the emerging drug resistance to anti-VEGF therapies. PDGF-CC is the third member of the PDGF family discovered after more than two decades of studies on PDGF-AA and PDGF-BB. The biological function of PDGF-CC and the underlying cellular and molecular mechanisms remain largely unexplored. Here, using different animal models, we report that PDGF-CC inhibition by neutralizing antibody, shRNA, or genetic deletion suppressed both choroidal and retinal neovascularization. Importantly, we revealed that PDGF-CC targeting acted not only on multiple cell types important for pathological angiogenesis, such as vascular mural and endothelial cells, macrophages, choroidal fibroblasts and retinal pigment epithelial cells, but also on the expression of other important angiogenic genes, such as PDGF-BB and PDGF receptors. At a molecular level, we found that PDGF-CC regulated glycogen synthase kinase (GSK)-3β phosphorylation and expression both in vitro and in vivo. Activation of GSK3β impaired PDGF-CC-induced angiogenesis, and inhibition of GSK3β abolished the antiangiogenic effect of PDGF-CC blockade. Thus, we identified PDGF-CC as an important candidate target gene for antiangiogenic therapy, and PDGF-CC inhibition may be of therapeutic value in treating neovascular diseases.
choroidal neovascularization | glycogen synthase kinase-3β | vascular biology | retinal neovascularization | ocular disease A ntiangiogenic therapy has shown great therapeutic efficacy. However, the clinical needs are still unmet and many problems remain. One difficulty in antiangiogenic therapy is the selective up-regulation of other angiogenic factors leading to resistance to anti-VEGF therapy (1) . Another issue is that mature blood vessels covered by pericytes (PCs) or smooth muscle cells (SMCs) are more resistant to antiangiogenic therapy and difficult to prune (2) . Antiangiogenic strategies targeting not only vascular endothelial cells (ECs), but also PCs, SMCs and other proangiogenic cells are therefore desired. In addition, emerging drug resistance (3) and side effects (4) have also become challenging obstacles to overcome. Thus, the identification additional pleiotropic factors affecting multiple vascular and nonvascular cell types important for pathological angiogenesis, together with a better understanding of the molecular and cellular mechanisms, is warranted.
Neovascular age-related macular degeneration (AMD) is a major cause of blindness in aged population in the Western society as a result of outgrowth of new blood vessels from the choroid, if uncontrolled, resulting in retinal detachment and vision loss. Current anti-VEGF therapies can halt vision loss in some patients with AMD. However, not all patients with neovascular AMD respond to the currently available treatments, implicating the existence of other angiogenic factors involved. Retinopathy of prematurity (ROP), one of the most common causes of vision loss in childhood, is a condition caused primarily by the overgrowth of abnormal blood vessels throughout the retina. Current treatments for ROP include laser therapy and cryotherapy, both of which destroy the side vision to a certain extent, and not all patients with ROP respond to such treatments. Thus, more effective antineovascularization therapies are still needed.
PDGF-CC was discovered (5, 6) after many years of intensive studies on PDGF-AA and PDGF-BB. The biological function of PDGF-CC remains largely unexplored. PDGF-CC protein is produced as a secreted homodimer and needs to be proteolytically processed for receptor binding (5) . PDGF-CC binds to and activates PDGF receptor (PDGFR)-α (5). When PDGFR-β is coexpressed with PDGFR-α in the same cells, it can also be activated by PDGF-CC (7) (8) (9) . PDGF-CC is critically required for embryonic development, as PDGF-CC-deficient mice die postnatally as a result of developmental defects when the mice are bred on a 129 background (10) . It is recently shown that PDGF-CC induces blood-brain barrier permeability during ischemic stroke (11, 12) . PDGF-CC is abundantly expressed in the eye (13) and induces proliferation and migration of retinal pigment epithelial (RPE) cells (14) . Furthermore, PDGF-CC plays important roles in recruiting fibroblasts associated with drug resistance in tumors (15) (16) (17) . In addition, PDGF-CC induces monocyte migration and up-regulates matrix metalloproteinase (MMP)-2 and MMP-9 expression (18) . Thus, accumulating data have suggested important roles of PDGF-CC in pathological angiogenesis. However, this hypothesis has not been well studied thus far.
In this work, by using comprehensive approaches and different animal models, we found that PDGF-CC is an important player in neovessel formation by affecting multiple cellular and molecular targets and by regulation of glycogen synthase kinase (GSK)-3β phosphorylation. PDGF-CC targeting inhibited both choroidal and retinal angiogenesis. PDGF-CC inhibition might offer new therapeutic options to treat neovascular diseases.
Results
Increased PDGF-CC Expression in Choroidal Neovascularization. The potential role of PDGF-CC in choroidal neovascularization (CNV) is thus far unknown. Real-time PCR showed up-regulated expression of PDGF-CC and PDGFR-α in both choroids and retinas 7 d after laser-induced CNV (Fig. 1 A-D; n = 8) . The upregulated expression of PDGF-CC and PDGFR-α in CNV was confirmed by Western blot analysis (Fig. 1 E-G) . Immunofluorescence staining showed abundant PDGF-CC expression within the CNV area (Fig. S1A Center, lined area), whereas PDGF-CC was detected mainly in the RPE cells in normal retina (Fig. S1A  Left) . In addition, Western blot detected PDGF-CC expression in different types of choroidal and retinal cells, i.e., mouse choroidal fibroblasts (mCF), rat retinal endothelial cells (TR-iBRB), rat retinal ganglion cell (RGC)-derived cell line (RGC5), rat retinal pericytes (TR-rPCT), and human fetal retinal pigment cells (hRPE; Fig. S1B ). The elevated expression of PDGF-CC and PDGFR-α following CNV induction suggested a role of PDGF-CC in CNV.
PDGF-CC Deficiency Reduced CNV Formation. We next tested the potential role of PDGF-CC in CNV formation by using PDGF-CC-deficient mice and a laser-induced CNV model. PDGF-CCdeficient mice die at postnatal d 1 on a 129S1 background (10) . However, when bred on a C57Bl6 background, these mice are largely healthy without obvious abnormalities. Histological analysis did not show any obvious morphological difference between PDGF-CC-deficient and WT retinas and choroids (Fig. S2) . PDGF-CC deficiency reduced CNV area to approximately 47% of the control group 7 d after laser treatment as measured by isolectin B4 (IB4) staining ( Fig. 1 H and I ; n = 8, P < 0.001). Histological analysis showed less edema formation within the CNVs in PDGF-CC-deficient mice as indicated by the reduced empty space around the CNVs (Fig. 1J) . PDGF-CC deficiency also reduced fibrovascular formation ( Fig. 1 J and K; n = 7, P < 0.05) and ColIV + areas within the CNVs ( Fig. 1 L and N ; n = 8, P < 0.05), which are common indicators of blood vessel presence. Furthermore, PDGF-CC deficiency decreased Mac3 + (macrophage marker) areas following CNV induction ( Fig. 1 M and O ; n = 8, P < 0.01), indicating reduced inflammation. Thus, PDGF-CC deficiency reduced CNV formation.
PDGF-CC Blockade Inhibited CNV Formation and Blood Vessel
Leakage. We subsequently tested whether PDGF-CC targeting by neutralizing antibody or shRNA could inhibit CNV. One single dose of intravitreal injection of PDGF-CC-neutralizing antibody (2 μg per eye) after laser treatment reduced CNV areas at different time points with a comparable effect of VEGF neutralizing antibody (Fig. 2 A and B ; n = 8, P < 0.05). Further, treatment with PDGF-CC shRNA, which reduced the PDGF-CC expression level to approximately 40% of normal level ( Fig. 2C ; n = 8, P < 0.001), reduced CNV area 7 d after laser treatment when injected into vitreous or subretinal space ( Fig. 2E ; n = 8, P < 0.05 or P < 0.01). The effect of PDGF-CC shRNA was comparable to that of VEGF shRNA ( Fig. 2E ; n = 8, P < 0.05 or P < 0.01), which reduced VEGF expression to approximately 40% of normal level ( Fig. 2D ; n = 8, P < 0.001). Moreover, fluorescein angiography showed that PDGF-CC-neutralizing antibody treatment decreased blood vessel leakage in the CNVs 1 wk after laser treatment (Fig. 2 F and G ; n = 7, P < 0.05). Histological analysis showed that treatment with PDGF-CC-neutralizing antibody decreased fibrovascular tissue formation ( E and F; n = 8, P < 0.01). In addition, intravitreal injection of PDGFR-α-neutralizing antibody decreased CNV areas at different time points after laser treatment ( Fig. 2 H and I ; n = 7, P < 0.05). It is noteworthy that the inhibitory effect of PDGFR-α-neutralizing antibody on CNV formation was similar to that of PDGF-CCneutralizing antibody ( Fig. 2B ; n = 8, P < 0.05), indicating that PDGF-CC is a major ligand of PDGFR-α that plays an important role in CNV formation.
PDGF-CC Regulated Expression of Proangiogenic and Proapoptotic
Genes. We next investigated the genes regulated by PDGF-CC. In cultured primary human macrophages and RPE cells, which play important roles in CNV, PDGF-CC protein treatment up-regulated the expression of several important proangiogenic genes, such as PDGF-BB, PDGFR-α, and PDGFR-β, as measured by real-time PCR (Fig. S4 A and B) . PDGF-BB is one of the most potent stimuli of pathological angiogenesis (19) . The up-regulated expression of these genes was confirmed by Western blot assays ( Fig. S4 D and E) . Indeed, intravitreal injection of PDGF-CC neutralizing antibody inhibited their expression in the retinas with CNV in vivo as measured by real-time PCR (Fig. S4C) . Moreover, intravitreal injection of PDGF-CC-neutralizing antibody up-regulated the expression of TNF-α, an inhibitor of PDGF/PDGFR-induced cell proliferation, survival, and migration, and also the expression of Bmf, a potent apoptosis inducer, in both choroids and retinas with CNV ( It is thus far unknown whether PDGF-CC plays a role in retinal neovascularization. Real-time PCR showed up-regulated expression of PDGF-CC and PDGFR-α in the neovascular retinae in an ROP mouse model ( Fig. 3A ; n = 7). Immunofluorescence staining detected PDGFR-α expression on the neovessels in the retinas, with a higher expression level in the neovascular tufts ( E and F; n = 8, P < 0.01), leading to larger avascular areas in the retinas (Fig. 3 E and G; n = 8, P < 0.01). Intravitreal injection of PDGF-CC shRNA (1 μg per eye) also inhibited retinal neovascularization ( Fig. 3 H and I; n = 8, P < 0.001), leading to greater avascular areas in the retinas ( Fig. 3 H and J; n = 8, P < 0.001). Moreover, real-time PCR showed decreased expression of many proangiogenic genes in the PDGF-CC shRNA-treated neovascular retinas ( Fig. S5A ; n = 7), and increased expression of many proapoptotic genes ( Fig. S5B ; n = 7). The expression of many proapoptotic genes was also increased in the PDGF-CC-neutralizing antibody-treated neovascular retinas ( Fig. S5C ; n = 8).
PDGF-CC Promoted Proliferation, Survival, and Migration of Multiple
Cell Types. To investigate the cellular targets of PDGF-CC, we tested its effect on different cell types. PDGF-CC protein (50 ng/ mL) increased proliferation/survival of TR-rPCT, TR-iBRB, and mCF fibroblasts at different time points (Fig. S6 A-C; n = 5, P < 0.05, P < 0.01, or P < 0.001). In a monolayer cell migration assay, PDGF-CC promoted TR-rPCT cell migration at different concentrations ( Fig. S6 D and E; n = 7, P < 0.01 or P < 0.001). PDGF-CC thus displayed pleiotropic effects on multiple cell types. Moreover, in a chick chorioallantoic membrane (CAM) assay, administration of two different PDGF-CC-neutralizing antibodies from goat or mouse (gAnti-PDGF-CC and mAnti-PDGF-CC, respectively, 500 ng per /egg) reduced blood vessel branch points 2 d after administration (Fig. S6 F and G; n = 8-10, P < 0.01).
PDGF-CC Activated PDGFR-α and Akt and Regulated GSK3β Phosphorylation and Expression. Little is known about the PDGF-CCinduced signaling pathway in ocular cells thus far. Immunoprecipitation (IP) followed by immunoblot (IB) detected PDGFR-α activation in choroidal fibroblasts (CFs) and TR-rPCTs induced by PDGF-CC (Fig. 4A) . PDGF-CC also induced Akt activation in the CFs (Fig. 4B) . Immunofluorescence staining detected phosphorylated PDGFR-α (p-PDGFR-α) within the CNV area (Fig. 4C,  lines) . Moreover, PDGF-CC protein stimulation led to GSK3β serine 9 ( Ser 9 ) phosphorylation in the CFs in a time-dependent manner (Fig. 4D ). This observation was confirmed by loss-offunction assays with both PDGF-CC shRNA and neutralizing antibody (nAb). Intravitreal injection of PDGF-CC shRNA or neutralizing antibody decreased GSK3β Ser 9 phosphorylation in choroids and retinas (Fig. 4 E-G) , and increased tyrosine 216 (Tyr 216 ) phosphorylation in the choroids in vivo (Fig. 4H) . In addition, PDGF-CC protein stimulation inhibited GSK3β expression in different vascular cells in vitro (e.g., TR-rPCTs, HUVSMCs), and in the retinas in vivo (Fig. 4I) . On the contrary, PDGF-CCneutralizing antibody treatment increased GSK3β expression in the retinas and choroids with CNV in vivo (Fig. 4J) . Indeed, real-time PCR showed that GSK3β expression level was approximately 35% higher in the PDGF-CC-deficient retinas than in normal control (Fig. 4K) . Furthermore, PDGF-CC deficiency decreased GSK3β Ser 9 phosphorylation in PDGF-CC-null hearts (Fig. S8 A-B) .
These data thus indicated a role of GSK3β in the PDGF-CCinduced signaling pathway in ocular and other types of cells. was mutated to alanine (GSK3β-A9), thus lacking the ability of Ser 9 phosphorylation, in CFs. The WT GSK3β (GSK3β-WT)-and vector-transfected cells were used as controls. PDGF-CC protein (100 ng/mL) protected CFs from H 2 O 2 -induced cell death in the GSK3β-WT-and vector-transfected cells ( Fig. 4L ; n = 6, P < 0.01 or 0.05). However, in the GSK3β-A9-transfected cells, the protective effect of PDGF-CC was abolished ( Fig. 4L ; n = 6, P < 0.01 or P < 0.05), demonstrating that GSK3β Ser 9 phosphorylation was required for the survival effect of PDGF-CC.
GSK3β Activation Impaired PDGF-CC-Induced Angiogenesis. To further investigate the involvement of GSK3β in PDGF-CC-induced angiogenesis, we used a GSK3β activator, the differentiationinducing factor-3 (DIF-3), in combination with a mouse aortic ring assay. PDGF-CC protein induced vascular cell proliferation, migration, and microvessel formation in the aortic ring assay (Fig. 5 A  and B ; n = 10, P < 0.001). Cotreatment of the aortic rings with the GSK3β activator DIF3 impaired PDGF-CC-induced microvessel formation (Fig. 5 A and B ; n = 10, P < 0.001), demonstrating that inhibition of GSK3β activity was required for PDGF-CCinduced angiogenesis.
GSK3β Inhibition Abolished the Antiangiogenic Effect of PDGF-CC
Blockade. We next studied the importance of GSK3β activity in the antiangiogenic effect of PDGF-CC blockade by using a GSK3β inhibitor, lithium chloride (LiCl), and a laser-induced CNV model. Intravitreal injection of PDGF-CC-neutralizing antibody inhibited CNV formation (Fig. 5 C and D ; n = 9, P < 0.05). Coinjection of the GSK3β inhibitor LiCl abolished the PDGF-CC-neutralizing antibody-induced reduction of CNV (Fig. 5 C and D ; n = 9, P < 0.001). NaCl was used as a control and had no effect (Fig. 5 C and  D ; n = 9, P > 0.05). These data demonstrated that GSK3β activity was required for the antiangiogenic effect induced by the PDGF-CC-neutralizing antibody.
Discussion
Antiangiogenic therapy has proven to be successful in treating certain neovascular diseases. VEGF and its receptors have been the major targets in antiangiogenic therapy. Several Food and Drug Adminstration-approved antiangiogenic reagents, such as bevacizumab, sorafenib, and sunitinib, all target the VEGF pathway. However, not all patients with neovascular diseases show a response to these antiangiogenic therapies, and those whose disease is responsive to these therapies can become less responsive during the later stage of the treatment. This has indicated the presence of other important angiogenic factors in pathological angiogenesis (1, 20) . Indeed, VEGF has been shown to be responsible for only approximately 50% of vascular growth in pathological angiogenesis (21) . Moreover, in patients whose disease is responsive to anti-VEGF therapy, VEGF inhibition may result in different side effects, such as neuronal apoptosis (22), ultrastructural changes in choriocapillaris (23) , mitochondrial disruption in the inner segments of photoreceptors (24), and intraocular inflammation (25) . In addition, the costs of the current clinically available anti-VEGF reagents are formidable. Thus, there is still an urgent need to identify other non-VEGF-driven angiogenic pathways (1) .
In this study, we found that PDGF-CC may be one such new target gene for antiangiogenic therapy. The expression of PDGF-CC and PDGFR-α increased considerably during choroidal and retinal neovascularization, indicating a role of PDGF-CC in pathological angiogenesis. Indeed, PDGF-CC inhibition by different means, such as neutralizing antibody, shRNA, or genetic deletion, suppressed both choroidal and retinal neovascularization. It is noteworthy that PDGF-CC targeting by neutralizing antibody or shRNA showed a similar antiangiogenic effect as VEGFneutralizing antibody or shRNA in the CNV model. Several cellular mechanisms are involved in the antiangiogenic effect of PDGF-CC inhibition. First, PDGF-CC promoted the proliferation, survival, and migration of fibroblasts and pericytes, which are known to play multiple roles in neovascular diseases. Second, PDGF-CC increased the survival of vascular endothelial cells, which is critical for pathological angiogenesis. Third, PDGF-CC inhibition reduced macrophages infiltration during CNV formation. Indeed, it is known that macrophages play important roles in pathological angiogenesis, and PDGF-CC is abundantly expressed by macrophages and promotes macrophage migration (18) . Collectively, PDGF-CC inhibition has versatile effects on multiple cell types critical for pathological angiogenesis. In addition, PDGF-CC significantly up-regulated the expression of many important angiogenic genes, such as PDGF-BB, PDGFR-β, and VEGF, and PDGF-CC blockade inhibited their expression. VEGF has been the major target in antiangiogenic therapy. The role of PDGF-BB in pathological angiogenesis has also been intensively studied, and PDGF-BB inhibitors are currently being tested in clinical trials for antiangiogenic therapy (26) . Thus, by downregulating the expression of PDGF-BB, PDGFR-β, and VEGF, the antiangiogenic effect of PDGF-CC blockade was amplified. Thus, PDGF-CC appears to be a promising target molecule in antiangiogenic therapy. Future studies using other PDGF-CC antagonists and animal models are needed to assess the therapeutic potential of PDGF-CC targeting in inhibiting pathological angiogenesis.
Thus far, little is known about the PDGF-CC-induced signaling pathways in ocular cells. In this study, we found that NaCl was used as a control and had no effect. (Scale bars: 100 μm.) *P < 0.05, ***P < 0.001.
PDGF-CC activated PDGFR-α in both ocular fibroblasts and vascular cells. Treatment with PDGFR-α-neutralizing antibody inhibited CNV to a similar extent as PDGF-CC-neutralizing antibody, indicating that the effect of PDGF-CC was mediated by PDGFR-α, and PDGF-CC is a major ligand of PDGFR-α that plays an important role in CNV. Furthermore, PDGF-CC activated Akt and increased GSK3β Ser 9 phosphorylation and GSK3β Tyr 216 dephosphorylation in CFs. It is known that inhibition of GSK3β by Ser 9 phosphorylation or Tyr 216 dephosphorylation promotes vascular cell survival and proliferation (27, 28) . Indeed, the critical involvement of GSK3β in PDGF-CCinduced angiogenesis was confirmed in the aortic ring assay in vitro, and in the laser-induced CNV model in vivo. Activation of GSK3β by its activator DIF3 inhibited PDGF-CC-induced microvessel formation, and inhibition of GSK3β by its inhibitor LiCl abolished the suppressing effect of PDGF-CC-neutralizing antibody on CNV formation. Thus far, little is known about the role of GSK3β in pathological angiogenesis, and whether GSK3β is involved in the neovessel formation induced by other angiogenic factors. Future studies will verify this.
In summary, our data derived from different in vivo and in vitro models advocate that PDGF-CC appears to be a promising target molecule for antiangiogenic therapy, and PDGF-CC inhibition might offer therapeutic opportunities to treat neovascular diseases.
Materials and Methods
Animals, Tissues, and Retinal Thickness Measurement. All animal experiments were approved by the Animal Care and Use Committee at the National Eye Institute/National Institutes of Health (NEI-553), and were performed according to National Institutes of Health regulations. More details can be found in SI Materials and Methods.
Laser-Induced CNV Model and Fluorescein Angiography. The CNV model was used as described previously (29) . More details can be found in SI Materials and Methods .
ROP Model. The ROP model was described previously (29) . More details can be found in the SI Materials and Methods. SI Materials and Methods also provides details on cell culture, cell proliferation/survival, migration, and realtime PCR assays; CAM assay and immunofluorescence staining; PDGFR-α, Akt, and GSK3β expression/phosphorylation assay; Western blot; and aortic ring assay.
Supporting Information
Hou et al. 10 .1073/pnas.1004143107 SI Materials and Methods Animals, Tissues, and Retinal Thickness Measurement. PDGF-CCdeficient mice were bred onto C57Bl6 background for more than six generations and littermates were used for experiments. Even though the PDGF-C-deficient mice were postnatal lethal on a 129 background (1), they appear normal on a C57Bl6 background with no obvious phenotype. For eye tissue (choroid and retina) isolation, the anterior segment and the vitreous of the eyes were removed. The retina was dissected from the RPEchoroid-sclera (i.e., eye cup). The dissected tissues were put on dry ice immediately for RNA or protein analysis, or fixed for morphological analysis. For retinal thickness measurement, mice were euthanized. Eyes were marked at 12:00 at the corneal limbus and embedded in OCT compound and cryosectioned in parallel to the 12:00 meridian through the optic nerve. The sections were stained using the H&E method. Retinal thickness was measured at six locations: 25% (S1), 50% (S2), and 75% (S3) of the distance between the end of the peripheral retina and the optic nerve, and 25% (I1), 50% (I2), and 75% (I3) of the distance between the other end of the retina and the optic nerve.
Laser-Induced CNV Model and Fluorescein Angiography. Female mice (age 8-10 wk) were used for experiments. Four laser spots were made (75 μm spot size, 75 ms, 90 mW power; OcuLight Infrared Laser System 810 nm, Iridex) in the area surrounding the optic disk in the eye. Intravitreal injections of mouse PDGF-CC or VEGF shRNA (1 μg per eye; Open Biosystems), PDGF-CC or VEGF neutralizing antibody (2 μg per eye; R&D Systems and Angio-Proteomie, respectively) were performed immediately after laser treatment. For shRNA delivery, the transfection reagent in vivo-jetPEI (Polyplus Transfection) was used according to the manufacturer's instructions. For LiCl (Sigma) treatment, 1 μL per eye of 1 M stock solution was injected intravitreally immediately after laser treatment together with PDGF-CC-neutralizing antibody. The same amount and volume of NaCl was used as a control. CNV area was analyzed at 1, 2, or 3 wk after laser treatment using IB4 or H&E staining. Fluorescein angiography for blood vessel leakage analysis was performed as described (2) . Briefly, 1 wk after laser-induced CNV, mice were anesthetized. FITCdextran (100 μL; MW 40 kDa, 20 mg/mL; Sigma) in PBS solution was injected i.v. via tail vein during a period of 10 s. After 20 min, the eyes were enucleated and angiograms were obtained with a fluorescence microscope. Angiograms were graded as described (3): score of 0, no dextran leakage; 1, slight leakage; 2, moderate leakage; 3, intensive leakage. A typical photograph of each leakage score is shown in Fig. S7 . Two examiners graded the leakage of the CNV lesions in a masked fashion and the average score was presented. When the two scores given for a particular lesion differ greatly, the sample was regraded and discussed until a similar result was reached.
ROP Model. The ROP model was described previously (4, 5) . For antiangiogenic treatment in the retinal neovascularization assay, immediately after 5 d in hyperoxia, the mice received intravitreal injection of PDGF-CC-neutralizing antibody (2 μg per eye) or PDGF-CC shRNA (1 μg per eye). For shRNA delivery, the transfection reagent in vivo-jetPEI (Polyplus Transfection) was used according to the manufacturer's instructions. After 5 d in normoxia, the retinas were harvested for IB4 staining (Invitrogen) or gene expression analysis. Image analysis was performed by using a Z1 Imager and AxioVision software (Zeiss) as described previously (4).
Cell Culture, Cell Proliferation/Survival, Migration, and Real-Time PCR Assays. Primary adult hRPEs were isolated from two donor eyes as described previously (6) . Cells were cultured in minimum essential medium with 10% FBS, nonessential amino acids, penicillin (100 U/mL), and streptomycin (100 μg/mL). Only cells between passages eight and 15 were used in the study. For monocyte purification, culture, and differentiation, peripheral blood monocytes were isolated from leukopheresed buffy coat fractions after density gradient centrifugation using Ficoll-Paque (Amersham Biosciences) according to the manufacturer's protocol. Anti-human CD14 (monocyte marker) microbeads (Miltenyi Biotec) were used for positive selection/purification of monocytes using an AutoMACS device (Miltenyi Biotec). CD14-positive cell purity was greater than 90%. Complete media (Biosource) consisting of RPMI 1640 supplemented with penicillin (100 U/mL), streptomycin (100 U/mL), L-glutamine (2 mM), and 10% FBS (HyClone) was used for monocyte culture. Macrophage colonystimulating factor (Peprotech) was used to differentiate the monocytes into macrophages for 6 d. The cells were starved in complete medium with 0.2% FBS overnigh and then stimulated with 50 ng/mL PDGF-CC or BSA for 6 h, after which the cells were harvested for real-time PCR and Western blot analysis. Immortalized TR-rPCTs and TR-iBRBs were cultured as described previously (4, 7) . Primary mCFs were isolated and cultured as described (8) . HUVSMCs were purchased from American Type Culture Collection and cultured according to the manufacturer's instructions. For cell proliferation/survival assay, the cells were starved in serum-free medium overnight before the MTT assay (Invitrogen) was performed as previously described (4, 7) . For the migration assay, confluent monolayer growth-arrested cells were wounded using a rubber policeman. The dishes were washed with serum-free medium and incubated for 16 h in serum-free medium containing the active form of human PDGF-CC-recombinant proteins or BSA (50 ng/mL). Each well was photographed at a magnification of 20×. Migration percentage corresponds to the ratio of the area of the cells migrated versus the total wound area. Real-time PCR assay and the primers used were described previously (4, 7).
CAM Assay and Immunofluorescence Staining. Fertilized eggs (CBT Farms) were incubated at 37.5°C in a humidified incubator fitted with tilting shelves. At day 12, a window was made on the eggshell. PDGF-CC-neutralizing antibody (0.5 μg per egg; R&D Systems) or IgG air-dried on sterile glass coverslips were placed onto the CAM. The window was sealed with a parafilm and the eggs returned to the incubator. After 2 d, the microvasculature in and around the area covered by the glass slip was photographed using an Olympus microscope, and blood vessel branch points analyzed. Immunofluorescence staining for different samples was performed as described previously (4, 7) . The antibodies used were: anti-PDGF-CC (9), rabbit antimouse collagen IV polyclonal antibody (2150-1470; AbD Serotec), rat antimouse Mac3 (BD Pharmingen), anti-SMA (M0851; Dako), and anti-phosphorylated PDGFR-α (sc-12911; Santa Cruz Biotechnology).
PDGFR-α, Akt, and GSK3β Expression/Phosphorylation Assay and Western Blot. PDGFR-α activation assay was performed as described previously (9) . Briefly, cultured cells were stimulated with the active form of recombinant human PDGF-CC protein (9) at 50 ng/mL for 10 min and cell lysate subjected to further analysis. For IP assay, cell lysates were incubated with an anti-PDGFR-α antibody (sc-431; Santa Cruz Biotechnology) over-night at 4°C and precipitated with immobilized protein-G (Thermo Scientific). Immunoprecipitated samples were separated on a 10% SDS/PAGE and transferred to a PVDF membrane and were incubated with an anti-phosphotyrosine antibody (pY99; Santa Cruz Biotechnology). To detect activated and total Akt, antibodies against phosphorylated Akt (no. 9271; Cell Signaling Technology) and total Akt (no. 4685; Cell Signaling Technology) were used in Western blot assays. Other antibodies used for Western blot assays were: antimouse PDGF-CC (AF1447; R&D Systems), rabbit polyclonal PDGF-BB antibody (sc-7878; Santa Cruz Biotechnology), monoclonal anti-β-actin conjugated with HRP (A-3854; Sigma), anti-GSK3α/β (AF2157; R&D Systems), and anti-phospho-GSK3α/β (AF1590; R&D Systems).
Aortic Ring Assay. The aortic ring assay was performed as described (10) . Briefly, aortas were excised from WT mice. The connective tissues surrounding the aorta were removed under a surgical microscope. Aortic rings (1 mm in length) were cut and rinsed five times with endothelial basal media (Lonza). Forty-eight-well plates were coated with 150 μL per well of basement membrane extract (BME; growth factor reduced; Cultrex). After gelling at 37°C, an aortic ring was placed on top of the BME gel with 150 μL of BME added onto it. After 30 min, 500 μL of endothelial basal media containing PDGF-CC (9) (50 ng/mL) with or without DIF-3 (30 μM; Sigma-Aldrich) was added to each well. On day 12, images were taken using a phase contrast microscope equipped with a digital camera (Axiovert-20; Carl Zeiss). Images were converted to binary ones by application of a morphologic low-pass filter and threshold transformation using Adobe Photoshop CS3. The number of microvessels per field was counted in four fields surrounding the aortic ring where the highest microvessel density was found. The mean value of microvessel density of the four fields was used for each aortic ring.
Statistics. A two-tailed Student t test was used for statistical analysis. Difference was considered statistically significant when P < 0.05. The data are presented as mean ± SEM of the number of the determinations. Assays using cultured cells were performed in triplicate. 
